Idukki is a South Indian district in the state of Kerala, which is highly susceptible to landslides. This hilly area which is a hub of a wide variety of flora and fauna, has been suffering from slope stability issues due to heavy rainfall. A well-established landslide early warning system for the region is the need of the hour, considering the recent landslide disasters in 2018 and 2019. This study is an attempt to define a regional scale rainfall threshold for landslide occurrence in Idukki district, as the first step of establishing a landslide early warning system. Using the rainfall and landslide database from 2010 to 2018, an intensity-duration threshold was derived as I = 0.9D −0.16 for the Idukki district. The effect of antecedent rainfall conditions in triggering landslide events was explored in detail using cumulative rainfalls of 3 days, 10 days, 20 days, 30 days, and 40 days prior to failure. As the number of days prior to landslide increases, the distribution of landslide events shifts towards antecedent rainfall conditions. The biasness increased from 72.12% to 99.56% when the number of days was increased from 3 to 40. The derived equations can be used along with a rainfall forecasting system for landslide early warning in the study region.
Introduction
The state of Kerala (India) experienced the worst disaster in its history in 2018. The disaster affected around 5.4 million people and 433 lives were lost [1] . Several landslides, particularly debris flows, were associated with the event. Among the 14 districts in the state, 13 are part of the Western Ghats and are susceptible to landslide hazards. The scarps of the Western Ghats, which are the steepest parts, are more susceptible to landslides due to heavy rainfall. Attempts have been made by researchers to study the triggering factors of landslides in the Himalayas [2] [3] [4] [5] [6] [7] [8] and the Western Ghats [9, 10] . However, on a regional scale, establishing rainfall thresholds for the occurrence of landslides in the Western Ghats has not yet been attempted. This paper is an endeavor to define a regional threshold for the Idukki district (Kerala) which is a severe landslide prone zone in the Western Ghats.
A rainfall threshold can be defined using process-based or empirical methods. The process-based approach considers physical and hydrological parameters which can initiate a landslide event. This requires highly sophisticated inputs, as the spatial and temporal distribution of these parameters can only be analyzed through detailed site-specific studies [11] . Owing to the limitations of defining process-based thresholds, this study defines the rainfall conditions that when surpassed, are likely to initiate landslide events in the Idukki district in the Western Ghats. This is an empirical approach which primarily focuses on the occurrence of rainfall and landslide events. Empirical thresholds can be divided into three categories: (1) thresholds which use rainfall data for specific events, (2) thresholds which consider rainfall conditions prior to failure, and (3) others which include hydrological thresholds [12] . In the current research, thresholds in the first two categories are derived for Idukki 2 of 16 using historical rainfall and landslide information. A rainfall event is defined by three parameters, viz., rainfall event, rainfall intensity, and rainfall duration. cumulated rainfall is the the total amount rainfall from the beginning of the rainfall event to the occurrence of failure [13] ; the term duration indicates the duration of the rainfall event considered or precipitation period [14] ; rainfall intensity is the amount of precipitation in a given time, i.e., the rate of precipitation over the period considered [15] . Thus the term rainfall intensity gives an idea about the average rate of rainfall during an event, not the peak intensities. Another important factor which defines the applicability of the threshold is the area considered for the study. Based on the area, thresholds are classified into local, regional, and global. The stability of the slopes depends upon the hydro-meteo-geological parameters of the region and the conditions for the triggering of landslides differ from place to place. Global thresholds give a universal minimum, below which chances of landslide occurrence is nil, without considering any physical factors. Regional thresholds deal with areas of a few to some thousands of square kilometers where climatic, physiographic, and meteorological features are similar. Local thresholds can be applied to single or a small group of landslides in regions of sizes up to the range of hundreds of square kilometers. Regional and local thresholds perform well for the area they were developed for, but they cannot be exported to other areas easily [16] . These thresholds can be used in regional/local warning systems for providing an alert level to the government and public in general.
Empirical thresholds can be classified again based on the rainfall parameters used as intensity-duration (ID) thresholds, total rainfall event-duration (ED) thresholds, and total rainfall event-intensity (EI) thresholds [12] . A general, well-accepted agreement which determines the selection of rainfall parameters is that shallow/rapid landslides are initiated by rainfalls of high intensity and short duration [16] and deep-seated landslides occur when it rains continuously over a long time [17] . This research focuses on the initiation of shallow landslides which cause maximum casualties during the monsoon time in the region and hence thresholds based on intensity-duration plane and antecedent rainfall are defined for Idukki. The objective is to start the preliminary steps towards an effective regional scale warning system for the Idukki district.
Study Area
In the state of Kerala, Idukki was the worst-hit district during 2018 disaster, with 143 major landslides in the state government records [1] . As shown in the slope map of Idukki, the geography of the area consists of slopes as steep as 80 • (Figure 1 ) and the elevation ranges up to 2692 m ( Figure 3 ). A significant share of the population of the district had houses in these unstable slopes, which were destroyed in the 2018 landslides irrespective of the building typology [1] . 97% of the major roads in the districts cut through the rugged mountains and hills, which are often blocked due to landslides in the monsoons [18] . Sprawling across an area of 4358 km 2 , Idukki supplies 66% of the electric power requirements of Kerala [19] . This district with more than half of the area covered by forests is the second largest one in terms of area in the state.
The Western Ghats can be divided into two segments, north and south, separated by the Gap of Palghat. Deep-seated landslides are reported in the northern segment and the eastern flank while the southern segment mostly experiences shallow landslides [20] . Idukki belongs to the southern part, where regolith thickness ranges from 0.25-5 m [21] and is prone to shallow landslides [1] . Geomorphic classification of the terrain divides the area into four, viz., rugged hills, ridges and valleys, fringe slope, and plateau [22] . Scarps of the Western Ghats consist of frictional soil with less cohesion, thus being stable in dry conditions and losing their strength when the moisture content increases. Plateu regions have a thick layer of top soil, rich in clay content due to their morphology and tropical climate [23] . Geologically, rocks of Wayanad, Charnockite, Khondalite, and Migmatite groups contribute the formation of a part of South Indian Precambrian metamorphic shield [22] . The primary weathering process is hydrolysis in the area, which is due to the high precipitation [24] . 
Triggering Factors
The scarps of the Western Ghats experience an annual rainfall as high as 5000 mm as a result of the southwest monsoon, northeast monsoon, and premonsoon showers [25] . The Western flank of the Western Ghats experiences landslides during the southwest monsoon and the eastern side is affected mainly during the northeast monsoon [20] . Large amounts of high-intensity rainfalls increase the pore water pressure within the soil mass, which eventually decreases the shear strength of the soil. This is considered as the primary triggering factor of landslides in the Indian Himalayas [2, 4, 26] and the Western Ghats [27] . The fissures in bedrock siphons the excess rainwater to unstable zones in the slopes during the monsoon [28] . Photographs of some landslides which happened during the 2018 monsoon are shown in Figure 2 . The population of this region increased rapidly after the 19th century, as the people from the midlands started migrating into the hilly region [29] . The industrially backward district was in a quest for better infrastructure due to an increase in population. As an effect, the land use has changed significantly in a short span of time, which favoured the occurrence of landslides in the region. Large scale hill-toe modifications have been done in the district in recent decades for the purpose of infrastructure development, due to which the hill slopes have become steep, without any lateral support. The terraced slopes, modified for monoculture plantations with no sufficient drainage provisions, aggravated the scenario. Due to the drain blockages, water from the intense rainfall accumulates in the top soil layers, leading to landslides.
In a detailed landslide inventory of Kerala until 2010, prepared by the Geological Survey of India (GSI), 64 major cases were reported in the Idukki district [30] . The landslide typologies vary from creep and subsidence to debris flows and avalanches. Along the major road corridors of the district, earth/debris slides have become common during monsoon period [18] . The sharp turnings and vertical cuts along the roads are highly susceptible to cut-slope failures. Incessant rainfall and the subsequent pore pressure increase adversely affects the steep slopes and results in landslides. To conclude, from the case studies conducted by GSI, a major share of the events in Idukki are of debris flow type triggered by heavy rainfall and are influenced by factors like slope, land use, overburden thickness, and disposition of streams etc. [18, 23, 31, 32] . 
Database for Analysis
Building a chronology of landslides based on the historical records is the first stage of any landslide hazard study [33] . A landslide database for the research has been developed taking inputs from the Geological Survey of India [22] , newspapers, state government reports [1, 34] , and from interactions with the people of the area. The dates of initiation of landslides were collected with a weekly accuracy, and the locations were collected with a spatial accuracy of nearest mentioned site from the reports. The database consists of the spatial (Figure 3 ) and temporal distribution of landslides and the typology. The rainfall data of daily resolution from the year 2010 was collected from four rain gauge stations in the Idukki district, maintained by the India Meteorological Department (IMD) [36] , for the analysis. The locations of rain gauge stations are given in Table 1 . The monthly distribution of effective rainfall in the Idukki district from 2010 to 2018 is shown in the box plot shown in Figure 4 .
The distribution of rainfall is not uniform throughout the district. In a long term rainfall analysis conducted by GSI, it was found that the average annual rainfall varies from less than 1000 mm in the northeast parts of Anamudi peak to around 5000 mm near Peermedu [18] . The four rain gauges from which we collected data are located at Thodupuzha, Peermedu, Idukki, and Munnar ( Figure 3 ). The variation of annual rainfall from the four rain gauges and the district average is plotted in Figure 5 . The differences in rainfall conditions will lead to over-estimation or under-estimation of the intensity and duration values if we consider the average rainfall. Hence the rainfall event associated with each landslide was found out based on the spatial distribution of the four rain gauges [37] . Identifying a reference rain gauge is a challenging task as explained by many practitioners [14, 38] , especially when the number of available rain gauges is limited. One of the most common practices is to choose the rain gauge based on its proximity to the landslide location. Hence in this study, the district was divided into four Thiessen polygons, based on the location of rain gauges ( Figure 6 ). P1 Polygon is occupied by a flat and plain territory, P2 is located in the eastern hilly sector of the study Water 2019, 11, 2113 7 of 16 area, P3 represents the central hilly sector, and P4 contains the flanks of the mountain and the hills immediately at the foot of the mountainside, thus separating this area with peculiar physiographic characteristics from the other three. As a consequence, splitting up the area in four sectors by means of Thiessen polygons is better than operating considering the entire area as a whole. Each polygon defines a space, which is closest to the rain gauge in it (reference gauge). Each point inside a polygon is closer to the reference gauge, than the other three rain gauges. The division of polygons and the selection of reference gauge is constrained by spatial distribution only. Each polygon is assumed to be an area of similar rainfall conditions with a reference rain gauge.
The method of developing a dataset is illustrated in Figure 6 [37] using a sample dataset, i.e, the values (I,D) and the locations of landslides are not from the actual dataset, but are arbitrarily chosen for demonstrating the methodology. For all landslide events that happened in Thiessen polygon P1, the readings from R1 are considered. The procedure was same for all landslide events.
The readings corresponding to landslide events, recorded by individual reference rain gauges, were then merged to a single database. The exact number of triggered landslides and sites were not available from the reports and therefore multiple landslides on the same date within the same polygon are considered as a single landslide event. A threshold defines the possibility of occurrence of a minimum of one landslide event in the region. Thus, a total of 225 landslide events are considered in the present analysis, which happened during the time period of 2010-2018.
Analysis of Thresholds
The key for the development of any empirical threshold is the definition of rainfall and landslide events and the parameters related to it [39] . The necessity of developing rainfall thresholds and early warning systems for the Idukki district has been emphasized in some of the specific site studies conducted by the GSI [23] . Considering the increased number of casualties which occurred in the study area in the recent past, rainfall thresholds using intensity-duration relationships and antecedent rainfall conditions have been developed in the current research.
Intensity-Duration Thresholds
A total of 225 landslide events were recorded during the study period (2010-18), which were triggered by rainfall. The hourly intensities of all the rainfall events associated with the occurrence of landslides were calculated and plotted against the duration of events in hours in a logarithmic scale. The distribution of the events is fitted with the power-law distribution using an equation in the form
i.e., log(I) = log(α) + β log(D)
where I is Intensity of rainfall in mmh −1 , D is Duration of rainfall event in hours, and α and β are empirical parameters, which is in the form of a straight line y = mx + c.
Use of this power-law equation has two fundamental assumptions. The first one is that with increase in the rainfall intensities, there is a nonlinear increase in the probability of occurrence of landslides. Below the threshold value, the likelihood of initiation of landslide is low, and above the threshold, the probability of occurrence of landslides increases nonlinearly. The second assumption is that the initiation of slides decreases as the duration of rainfall increases [2] . The term 'β' in Equation (1) defines this rate at which the critical intensity declines with the rise in duration. The frequentist approach of defining intensity-duration thresholds is used in this study. Empirical rainfall conditions which triggered landslides were first log-transformed and fitted using Equation (2), which is equivalent to the power-law in Equation (1) . Using the Frequentist method, a best fit line for the distribution was obtained as I = 2.54D −0.16 (Figure 7) with a coefficient of determination (R 2 ) of 0.04. The scattering of data results in a lower value of R 2 and hence the uncertainty associated with the fitted line is evaluated with a confidence interval of 95%. Considering the uncertainties, Equation (1) gets modified to
The equation of the best fit line was obtained as I = 2.54D −0.16 , with a confidence interval of I = (2.54 ± 0.65)D (−0.16 ± 0.05) .
The approach is based on least square regression and the data is fitted using a power-law. The difference between the value on the best fit line log (I f ) and logarithm of event intensity log (I) for each event is calculated. This difference is termed as 'δI'. Kernel density estimation is used to determine the probability density function of the distribution of 'δI' and the result was fitted using a Gaussian function of the following form [40, 41] :
where a and b are real constants and c is nonzero. a,b,c, , R, and thresholds corresponding to various exceedance probabilities can be defined for the region. For a normally distributed random variable, a = 1 σ √ 2π
, b = µ and c 2 = σ 2 where µ and σ are the mean and standard deviation of the distribution, respectively. Hence the equation becomes
This equation is used to fit the distribution of 'δI', to determine the rainfall threshold as shown in Figure 8 . The data follows a distribution similar to the standard Gaussian distribution. Hence based on standard Gaussian distribution, a T 5 line was plotted as in Figure 8 , with an exceedance probability of 5%. The distance 'δ 5 ' indicates the deviation of threshold line from the best fit line. This deviation was used to establish the intercept of the threshold line (Figure 9 ). From the threshold line, it can be inferred that for the minimum duration (24 hours), a continuous rainfall of 0.54 mmh −1 can trigger landslides. The maximum duration of a rainfall event observed during the study period was 31 days. The obtained results predict that an intensity of 0.3 mmh −1 over a period of 31 days can trigger landslides in the region. The confidence interval was obtained as I = (0.9 ± 0.1)D (−0.16 ± 0.05) . The maximum number of events occurred at a duration of 7 days for which the minimum intensity to initiate a landslide event was found to be 0.4 mmh −1 . The lesser value of thresholds for short duration events emphasizes the need for considering antecedent rainfall conditions for defining thresholds. Hence thresholds based on antecedent rainfall conditions are also defined for the area.
Thresholds Based on Antecedent Rainfall
Intensity-duration thresholds consider only the immediate preceding rainfall event as a triggering factor of landslides. Landslides may occur as result of moisture content variation due to continuous precipitation also, which is difficult to monitor precisely. Thus a simple way is to study the effect of antecedent rainfall and define a threshold based on antecedent rainfall before the landslide event.
Studies have been conducted across the globe, considering different antecedent periods ranging from 3 days to 120 days [2, 4, 42] .
The data of 225 landslides over a period of nine years has been used for the analysis. Daily rainfall records at failure are compared with the antecedent rainfall of 3, 10, 20, 30, and 40 days before failure. The graph is plotted with antecedent rainfall (mm) and daily rainfall (mm) in x and y axes respectively. The diagonal line of the plot determines the scattering bias of the data (Figure 10 ). A significant share of landslide events is biased towards the antecedent rainfall in all cases. Hence a threshold is defined for all individual time durations of antecedent rainfall considered in the study as shown in Figure 11a -e. In the first case, three days' antecedent rainfall was considered, 28% of the total events considered are shifted towards daily rainfall, and the remaining 163 landslides are biased towards three days' antecedent rainfall. For other cases, the biasness ratio to daily rainfall and antecedent rainfall was found to be 11:214 for 10 days', 6:219 for 20 days', 3:222 for 30 days', and 1:224 for 40 days' antecedent rainfall prior to the slide event. It is evident from the analysis that the biasness towards antecedent rainfall, which was 72% in case of 3 days' antecedent rainfall increased to 99.56% when the antecedent rainfall of 40 days was considered as shown in Figure 11f . The study can be refined if the temporal resolution of the rainfall data available is improved. rainfall increased to 99.56% when the antecedent rainfall of 40 days was considered as shown in Figure 11 (f). The study can be refined if the temporal resolution of the rainfall data available is improved. Figure 11 . Plot between daily rainfall and antecedent rainfall before failure for (a) 3 days, (b) 10 days, (c) 20 days, (d) 30 days, (e) 40 days, and (f) Biasness towards antecedent rainfall. 
Discussions

The rainfall thresholds defined in this study establish a minimum cut off below which chances of occurrence of rainfall is very low. Above these thresholds, the probability of occurrence increases exponentially, but still the chance of false alarms cannot be neglected. Even though rainfall is the major triggering factor, other physical factors also influence the stability of slopes. For a powerful Landslide Early Warning System to work effectively, parameters like soil moisture and soil movement/tilt etc. should be incorporated along with the rainfall thresholds. An integrated system with multiple sensors and rain gauges can be installed in the region for this purpose. Similar researches have been carried out for the Darjeeling Himalayas [5] using Micro Electrical Mechanical System (MEMS) tilt sensors. A network of such sensors can effectively transfer the data to the authorities in real time which can be used as an effective warning system. The frequency of available rainfall data is the key factor which determines the accuracy of thresholds. In the current scenario, the temporal resolution of rainfall data available for the region is one day, and for an area of 4358 km 2 only five rain gauge stations (as of 2019) are available. By establishing a network of sensors across the district, the spatial and temporal resolution of rainfall measurements can also be improved.
Several rainfall thresholds have been developed and periodically updated [43] for forecasting landslide events across the globe. Choosing the best method for establishing rainfall thresholds for a particular region requires detailed analysis and a quantitative comparison using statistical attributes [44] . Simple empirical models can also be modified conceptually by incorporating physical or hydrological parameters to improve the prediction power [45, 46] . Further studies must be conducted for the area using existing models which are being practiced in different parts of the world [11, [47] [48] [49] [50] and the best suited rainfall threshold should be integrated with a sensor network and rainfall forecasting system. This research is a humble step towards achieving the goal of establishing an effective Landslide Early Warning System, which can minimize the casualties due to landslide hazards in the Idukki district.
Conclusions
This study is an effort to establish thresholds in intensity-duration plane based on antecedent rainfall data for the Idukki district in Kerala State at a regional scale. This is the first of its kind for the region and can be improved on with the availability of short term rainfall data.
The analysis was conducted using a database of 9 years from 2010 to 2018, which included 225 landslide events occurring at different parts of the district, and the principal observations can be summarized as:
•
For short duration rainfall events (24 hours), a continuous rainfall intensity of 0.54 mmh −1 can trigger landslides. For the maximum observed duration of 31 days, a rainfall intensity as less as 0.3 mmh −1 can also trigger landslides. The values of thresholds are too low for a regional scale threshold, and the reason can be the biasness of occurrence of landslides to the antecedent rainfall conditions, other than the immediate preceding event.
From the analysis of antecedent rainfall conditions, it can be stated that for the Idukki district, an antecedent rainfall of 70.6 mm over a period of 10 days and 229.8 mm over a period of 40 days can trigger a landslide event. Around 99.56% of the events are biased towards the antecedent rainfall conditions when duration of 40 days is considered. • It is evident from the results that the occurrence of landslide events are more influenced by antecedent rainfall conditions rather than the amount of rainfall on the day of occurrence.
It is expected that this first attempt will encourage more research for the study area, which is profoundly suffering from the increased number of landslide events in the recent hazards and this will become the first step towards establishing a regional scale warning system for the Idukki district.
